To compare the estimation of body fat between bioelectrical impedance analysis (BIA) and dual energy X-ray absorptiometry (DEXA) in overweight, African-American female adolescents. SUBJECTS: In total, 54 African-American adolescent female subjects were recruited for Study 1. Each adolescent's body mass index was greater than the 85th percentile and their average body fat was 45% according to DEXA. A total of 26 AfricanAmerican adolescent female subjects were available for Study 2, and had an average body fat of 26% according to DEXA. MEASUREMENTS: Percent body fat was measured by DEXA and BIA. Seven different BIA equations were tested. Both sets of data were analyzed using Bland-Altman regression analyses, utilizing percent body fat measured by DEXA as the criterion. RESULTS: The Kushner equation provided estimates that were unaffected by body fat in both studies. Estimates were unbiased when applied to the exclusively overweight sample and biased when utilized with the separate sample of normal weight and obese girls. The remaining equations were biased, provided inconsistent estimates across body weight, or were biased and provided inconsistent estimates. Ethnicity-specific and ethnicity-combined equations performed similarly in the obese sample, but became more disparate when applied to a sample encompassing a wider body weight range. The limits of agreement between all BIA equations and the DEXA estimates ranged from 6 to 9%. CONCLUSION: The study suggests that the Kushner BIA equation is appropriate for use with African-American female adolescents across the weight spectrum, while the majority of BIA equations underestimated percent body fat as body fat increased.
Introduction
Currently, there are a number of different methods to measure body composition, including isotope dilution (ID), dual energy X-ray absorptiometry (DEXA), underwater weighing (UWW), skin-fold thickness (SFT), body mass index (BMI), and bioelectrical impedance analysis (BIA). UWW, DEXA and ID are considered the most accurate methods, yet these methods are too expensive for regular use, require a qualified administrator, or are not portable. Therefore, for epidemiological or field studies they may not be practical. Although SFT and BMI are easily administered and are practical for large studies, they have been found to provide the least accurate estimates of percent body fat. 1 Some of the variability in findings in SFT may be the result of inexperienced administrators. BIA is portable and inexpensive, does not require extensive training, and has been shown to be moderately accurate in comparison to gold standard methods. [2] [3] [4] [5] In addition, BIA is especially attractive for use with children because it does not require exposure to radioactivity or submersion in water. Thus, BIA has emerged as a practical measure of body composition, especially for field studies involving children. The accuracy of percent body fat estimates from impedance measures can vary depending upon the weight of the child. Although many BIA equations were developed from children across all weight ranges, it has been recognized that BIA tends to overestimate percent body fat in leaner children and underestimate percent body fat in overweight children. [6] [7] [8] [9] [10] [11] Due to this phenomenon, Lewy et al developed a separate equation from a sample of overweight children. The accuracy of this obesity-specific equation has not been tested outside of the validation sample. Few body composition studies utilizing BIA have been conducted with African-American children. A field measure of body composition is a necessary addition to existing methods for the assessment of obesity due to the high prevalence of obesity in this population. In addition, there are differences in body composition between African-Americans and Caucasians, such as body density and length of limbs, which may affect estimation of body composition. [13] [14] [15] To our knowledge, only one equation for children has been developed using an exclusively African-American sample ('ethnically-specific' 12 ). However, several researchers have developed equations that have included a representative sample of African-American children. 15, 16 Both studies indicated that one equation best estimated body composition in a combined Caucasian and African-American sample ('ethnically-combined'). This would suggest that body composition differences between Caucasian and AfricanAmericans do not affect estimates of percent body fat. However, Sun et al, 16 noted that their ethnicity-combined equation was somewhat inaccurate for African-Americans, and concluded that the equation would be more accurate in Caucasian samples. Therefore, despite the fact that the authors developed one equation, there is the possibility that ethnically combined equations may not estimate body composition as well when applied to AfricanAmerican children.
Since there is a need for studies testing the accuracy of the BIA method of body fat estimation in African-American adolescents and overweight children, the primary aim of the current study was to evaluate the agreement between BIA and DEXA estimates of percent body fat in a sample of overweight African-American female adolescents. The study tested the accuracy of several different BIA equations, in comparison to DEXA, in order to determine the equation that yielded the most accurate estimate of percent body fat. As ethnicity is suspected to affect estimates of percent body fat, the study included ethnicity-combined, 15, 16 ethnicityspecific, 12 and generalized equations (equations that were developed without a representative sample of AfricanAmerican participants 5, [17] [18] [19] ). A final purpose was to crossvalidate the Kushner, 18 Sun, 16 and Lewy 12 equations on a similar sample of African-American girls from the Baton Rouge Children's Study (BAROC; 20 ) . The other four equations used in the current study 5, 15, 17, 19 have been applied to the BAROC sample. Participants Study 2. In total, 129 4th and 5th grade children were initially recruited for the BAROC study. 15 The only eligibility criterion was that children were in Tanner Stage 1 or 2. 23 At baseline measurement, 32 of these children were AfricanAmerican adolescent girls, 26 of whom were available at the 2-y assessment. Only the 2-y data will be used in this crossvalidation because at that time (1999), the age of the participants in the BAROC study matched the age of the girls in the HIP-Teens sample. A more detailed description of the BAROC sample can be found elsewhere. 20 This study was reviewed and approved by the Institutional Review Board of the Pennington Biomedical Research Center. All participants and a parent signed informed consent to participate.
Measures Study 1. Anthropometry: Measurements were performed by trained staff members. Standing height was measured to the nearest 0.1 cm by a wall-mounted stadiometer (Holtain Ltd, Crymych, Dyfed, UK), and weight was measured to the nearest 0.1 kg using an Indiana Scale Company model GSE 450 digital scale. Dual-energy X-ray absorptiometry (DEXA): Body composition was measured by the Hologic QDR-2000 Bone Densitometer (Hologic Inc., Waltham, MA, USA), which emits an X-Ray of 0.5 mR. A fan-beam array scan mode was used in the whole-body measurement (Version 5.60). Patients had to remove metal objects, such as snaps, belts, underwire bras, jewelry, as well as their shoes, and were only dressed in a hospital gown. The patients lay supine with their arms at their side and were required to lay motionless during the scan. A Step Phantom was placed at least one inch from the edge of the table and any part of the patient.
Bioelectrical impedance analysis: Body composition was measured by the RJL Systems BIA 101Q (RJL System, Clinton Twp, MI, USA). Each participant was instructed to remove her right shoe and sock, and then lie supine with her arms Body fat in African-American girls RL Newton et al away from her body. Alcohol was used to clean the skin on the right hand and foot where the electrode would be placed. Two electrodes were placed on the right hand, one with the edge along the imaginary line bisecting the ulner head and the other on the first joint of the middle finger. On the right foot, one electrode was placed with its edge along the imaginary line bisecting the medial melleolus and the other on the base of the second toe. The RJL System delivers 800 mA at 50 KHz. Resistance and reactance to the flow of this single, high-frequency alternating current were measured. Participants were not required to follow pretest procedures, and most measurements were taken in the afternoon.
Measures
Study 2. Detailed information on the measures is available in Bray et al. 15 Height was measured with a wall-mounted stadiometer (Holtain, Crymych, Dyfed, UK) and weight was measured with an electronic scale (Detecto, Webb City, MO, USA). The Xitron (Xitron, San Diego) single frequency BIA was used to measure percent body fat. The Hologic QDR-2000 DEXA instrumentation, which was the same machine used in the HIP-Teens study, measured whole-body composition. Measurements were taken in the morning following an overnight fast.
Procedures. Impedance values measured from the BIA were entered into seven different equations to estimate percent body fat for the HIP-Teens sample (Table 1) . Height, weight and impedance data were extracted from the AfricanAmerican girls in the BAROC sample. These data were only entered into the Kushner, 18 Lewy 12 and Sun 16 BIA equations because the other four equations were previously applied to the BAROC sample. developed to assess whether two measurement techniques are measuring the same phenomenon. In this type of analysis, one measurement technique is designated as the criterion, and the second measure is then compared to it. For the current analysis, DEXA was deemed as the criterion. The difference between the two techniques is regressed on the average between the techniques. The mean difference between the BIA and DEXA served as a measure of agreement, or bias. The slope of the line is tested to determine if it is significantly different from zero, which is equivalent to testing for equal error variance between the two techniques. Body fat in African-American girls RL Newton et al Table 2 shows the characteristics of the 54 adolescent girls in the HIP-Teens study. In total, 50 of the 54 (92.6%) adolescents were overweight (BMI 495th percentile), and four were at risk for overweight (85thrBMIr95th percentile 25 ). The average BMI value places the girls above the 98th percentile for their age. The percent fat values as measured by the DEXA and each BIA equation are displayed in Table 3 . The average body fat, as measured by the DEXA, was 45%.
Results

Study 1
The Bland-Altman plots are graphically displayed in Figure 1 . The plots show the BIA value minus the DEXA value plotted on the y-axis, against the average value on the x-axis. Figures 1a-g are arranged by increasing difference in error variance from DEXA error variance. Thus, Figure 1a shows the results for the equation with error variance most similar to DEXA, and Figure 1g displays the equation with the most discrepant error variance. Only the Kushner equation had an error variance that was not significantly different from the DEXA error variance and a mean difference that was not significantly different from zero. The Schaefer and Sun equations had variances that were not significantly different from DEXA estimates, yet both equations had significantly different mean differences. In contrast, the Lewy and Bray equations resulted in mean differences that were not significantly different from the DEXA estimates, although they increasingly underestimated percent body fat as body weight increased. The Deurenberg and Suprasongsin equations had significantly different variances and mean differences. All of the equations resulted in limits of agreement that were between 6 and 9% around the mean difference. The slope and mean difference for each equation are displayed in Table 4 .
Study 2
The demographic characteristics of the girls in the BAROC sample are summarized in Tables 2 and 3 . The girls in the BAROC sample had a substantially lower BMI and percent body fat in comparison to the HIP-Teens girls.
When applied to the BAROC sample, the error variance calculated from the Kushner and Sun equations were not significantly different from the DEXA error variance, although the mean differences were. However, the Kushner equation resulted in a mean difference of only 2%, while the Sun equation resulted in a difference of À6%. The Lewy equation resulted in a mean difference and error variance that were significantly different from the DEXA values (Table 4 ). The Bland-Altman plots of these data are represented in Figure 2 .
Discussion
The primary aim of this study was to test the agreement between seven different BIA equations and DEXA in the estimation of percent body fat in overweight AfricanAmerican adolescent female subjects. In comparison to the other BIA equations tested, the Kushner equation 18 provided unbiased estimates that were not affected by body fat. The other equations either provided consistent estimates but were biased, were unbiased but provided inconsistent estimates, or were both inconsistent and biased. In fact, the participant's body fat significantly affected the majority of the equations' estimates. The study also showed that Kushner's equation 18 More importantly, this 2% overestimation was consistent across the wide range of body weights. In other words, the participants' level of body fat did not significantly affect the estimates. Therefore, our findings provide preliminary support for the Kushner equation as it provides consistent, minimally overestimated estimates of percent body fat in normal weight and obese African-American adolescent female subjects. In order for the equation to gain acceptability as an accurate field measure of body composition in this population, it must be shown to replicate in a larger sample of African-American girls, and provide similarly accurate estimates in African-American boys and adults. The majority of BIA equations used in this study underestimated percent body fat as body fat increased. Even equations that were unbiased displayed this underestimation and most childhood studies show similar results. 6, 8, 10, 11 The findings of the current study closely match the BIA findings of Bray et al. 1 Although their criterion was the fourcompartment model and ours was DEXA, common equations between both studies 1, 5, 17, 19 show similar results when viewing participants of comparable body fat. For example, the Bray equation resulted in a mean difference close to zero in both studies, and the slopes of the Bray, Deurenberg and Suprasongsin equations were significantly different from zero in both studies. Moreover, the slopes of these three equations were lower when applied to a more diverse sample 1 than when applied to a more restricted sample, suggesting that their estimates become more imprecise with obese samples. If these equations were applied in a largescale field study, the true prevalence of obesity would be substantially underestimated. Therefore, our findings suggest that the majority of BIA equations should be used with caution when utilized in overweight adolescent samples. Differences in body composition between African Americans and Caucasians 27 have raised the question as to whether BIA equations that are developed from primarily Caucasian samples are accurate when applied to different ethnic groups. When comparing equations within an exclusively African-American population, one way to measure this effect is to determine if equations that were developed on an exclusively African-American population provide more accurate estimates than equations developed on a primarily Caucasian sample. Our findings show that the ethnicity-specific equation 12 performed similarly to the ethnicity-combined equations 15, 16 when applied to an exclusively obese sample; although the ethnicity-specific equation became more inaccurate when applied to a sample of normal and overweight participants. Moreover, a generalized Body fat in African-American girls RL Newton et al equation 18 provided more consistent and accurate estimates than either the ethnicity-combined or ethnicity-specific equations. Thus, the Kushner equation does not appear to be subject to any systematic error when applied to an African-American adolescent female sample. In fact, none of the equations appear to be subject to any systematic error related to the ethnicity of the sample because the equations provide similar estimates when applied to primarily Caucasian samples 1, 5, 8, 10 as they did in our exclusively AfricanAmerican sample. However, our results are preliminary because the equations were utilized in an exclusively African-American adolescent female sample. A true ethnicity bias can be detected only when estimates produced by different types of BIA equations are compared among different ethnic groups. Ethnicity-specific and ethnicity-combined equations were also used in the present studies to assess their generalizability. To date, this investigation provided the first attempt to generalize these equations to an exclusively African-American sample. When applied to a broader sample, with respect to weight, the equations did not perform as well as when applied to an exclusively overweight sample. The slopes of all three equations were virtually the same as they were in the exclusively obese sample, which suggests that their precision does not change when applied to another sample of similarly aged African-American adolescent girls. However, the mean differences for all three equations were greater when applied to a sample of predominantly normal weight girls. This finding is not altogether surprising, as the Lewy equation used in the current study was developed on a sample of overweight African-American girls. 12 The validation sample probably explains why the mean difference approached zero when the equation was applied to another sample of overweight African-American girls, but nearly reached 8% when applied to a sample of normal weight girls. In addition, the Sun equation became 3% more inaccurate when applied to a sample of girls from a wider body weight range, though the estimates remained unaffected by the participant's weight. The Sun equation is of particular interest because it was used to develop percent body fat norms for the US population, 28 and because the authors hypothesized that the equation would be more inaccurate when applied to African-Americans vs Caucasians. Our findings suggest that this equation likely underestimated percent body fat for African-American adolescent girls in the US norms study 28 and likely did so consistently across the weight range. It appears that the equation is precise yet biased, and we are unable to determine if it is more precise and less biased in Caucasian samples. Thus, the precision and accuracy of the equation should be the source of future investigations. Our adjustment of the hydration factor to the Kushner equation appears to have increased the accuracy of the equation when applied to overweight African-American adolescent female subjects. By adjusting this factor, we hoped to make the equation more accurate for children because children have a higher hydration factor than adults, and the difference is even more pronounced in obese children. 1, 17 Goran et al 4 similarly adjusted the hydration factor of the Kushner equation when studying young children. We derived a hydration factor of 76%, using the Kushner equation and data from our own sample, which closely approximates the value of 75.4% that was calculated from the African-American girls in the BAROC sample. 20 However, the Kushner equation overestimated percent body fat to a greater extent when applied to a similar sample of adolescent female subjects across a wider weight range. Therefore, although a hydration factor of 75.4% provides minimally biased estimates when applied to AfricanAmerican girls across the weight range, it is likely that an even lower hydration factor (eg the traditional 73.2% used in Kushner's validation sample) would provide more accurate estimates. The present study is not without limitations. Relative to previous studies, our sample size was small. However, even in studies with several hundred participants, few have had such a large number of overweight African-American adolescents. In addition, the results were derived entirely from a young female sample. Thus, it is possible that the findings of the current study are gender-specific. However, most childhood studies 3, [15] [16] [17] [18] have not shown gender differences in the predictability of BIA equations. Another potential limitation is the fact that the impedance values for the participants in the two studies were derived from two different single frequency impedance devices (RJL and Xitron). This could result in different impedance values, and thus different percent body fat estimates between the devices given the same person. We extracted data from 13 participants (78% Caucasian) between the ages of 13 and 39 who were previously administered repeated measures on both devices. The results showed that the impedance values are nearly identical (mean difference ¼ 0.089), and R 2 ¼ 0.987. Therefore, we believe that utilizing two different BIA devices had little influence on the estimates of percent body fat. In summary, the current study shows that the Kushner equation provides consistent, unbiased estimates of body fat in overweight African-American adolescent female subjects. Furthermore, the Kushner equation was found to provide a small (2%), but consistent overestimate when applied to a similar sample of girls of varying weights. Most of the other BIA equations were negatively biased and increasingly underestimated percent body fat as body fat increased. Future studies should further test the generalizability of the Kushner equation with more diverse samples with respect to weight, age, gender and ethnicity.
